Hagedorn Temparature

maximum temperature for perturbative string

27V 2n
QE) ~ ePHE

degeneracy of oscillation mode d. o

density of state

partition function

Brane—antibrane in Matsubara Formalism (Hotta)
* Dp-Dp pair Dp Dp
unstable at zero temperature =
open string tachyon = tachyon potential N
Sen’s Conjecture  potential hight = brane tention ( \;\ y
e BSFT (Boudary String Field Theory) -
solution of classical master eq. _

Seff =4

Serr  10-dim. effective action /. 2-dim. partition function

1
2-dim. action ;S5 = / d%o aaxﬂaaxﬂ + / dT\T\Q 4 ...
Aol /3 ox

e Tachyon potential of Dp-Dp based on BSFT
tree level (disk worldsheet) =

V(T) = 27pVpexp(—8|T|%),

1" : complex scalar field, 7p : brane tension,

-3 -2 1 1 5 3 T

Vp: p-dim. volume

finite temperature case
Matsubara method —» 1-loop (cylinder worldsheet)

Conformal invariance is broken by the boundary terms.
—» ambiqguity in the choice of the Weyl factors of two boundaries

@l

2T

27T T
Sb =f0 dUo/O do1[|T|?6(o1) + |T|?6(7 — o1)].

Both sides of cylinder worldsheet are treated on an equal footing.

e Cvylinder Boundary Action (Andreev-Oft)

* 1-loop Free Energy of Open Strings

4
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T grtil 2T
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finite temperature effective potential
V(T,B) = V(T) + Fo(T, B)
e Brane-antibrane Pair Creation Transition
e N D9-D9 pairs

Fo(T,B) =

| 87TN2V9 WﬁHloE 2
|T|2 term of V(Tv E) [m16NT9V9 | BH10 In ( 2N2V9 |T| .
I 10\ 11
critical temperature 7. ~ 8,71 |1 4 exp ( Bu NTg) |
7T

Above 7c,T = 0 becomes the potential minimum.

—> A phase transition occurs and D9-D9 pairs become stable.
7Tc 1s a decreasing function of N

— Multiple D9-D9 pairs are created simultaneously.

e N Dp-Dp pairs with p < 8
No phase transition occurs.

Brane-Antibrane at Finite Temperature
In the Framework of Thermo Field Dynamics

CZ )

The oscillation mode of a single energetic string captures most of the energy.

Z(B) = /Ooo dE Q(E) e PP = Tr ¢ PH

Hokkaido Univ. Kenji Hotta
Hagedorn temperature Tz
By = %H = 21V 2a] B=+

The partition function diverges above 7
Z(B) — oo for B < Pu

Thermo Field Dynamics

(Takahashi-Umezawa)

e Canonical Ensemble

expectation value

(A = Z71(B) Y (n|Aln)e PEn

We can represent it as
(4) = (0(B) |A]0(B))
by introducing a fictitious copy of the system.
1 BEn
0(B)) =2Z"2(B) ) e
n

2 |n,n)
thermal vacuum state

We cannot represent it as

0(8)) = > In) fn(B)

for ordinary num%erfn(ﬁ), since

FEB) fm(B) = Z71(B)e PEns

cannot be satisfied.

e Ensemble of Free Fermions (example)
Hamiltonian

H = wa,Ta,

anti-commutation relation {a,, a,T} =1

We Introduce fictitious system.

Hamiltonian H = wala

anti-commutation relation {a, a } =

generator of Bogoliubov tr.

Gr = —i0(8) (da — alah) 0 = (1+e7) 7
cosf(8) = (1—|—e“5‘*’)—§
Bu

thermal vacuum state tand(B) = e 2

0(8)) = e7CF|0) = {cos#(B) + sinB(B)alal} |0)
cosd(3) exp [tan Q(B)aTaT] 0)
Bogoliubov tr. of annihilation ops.
a(B) = e CFqelGF
a(B) = e CFgelGF
Thermal vacuum state satisfies

a(B)10(8)) = a(B)[0(B)) =0

Fermi distribution

cosf(B)a —sinb(B)a
cosd(B)a~+ sinf(B)a’

—Bw
(0(8) |ata 0(8)) = sin?0(B) = 1 i —
fictitious system as holes’
1 1
t L _



* Ensemble of Free Bosons (example)

Hamiltonian H — wa,Jfa,
commutation relation [a,, aﬂ =1
We introduce fictitious system.
Hamiltonian [ — walag
commutation relation [Ei, a } |
- _1
generator of Bogoliubov tr;f T sinh6(3) = (eﬁw_l) 2
= —0(3) (7o o)
Gp i0(B) (aa — a'a cosh 8(8) — (1_6_5w> >
_Bw
thermal vacuum state tanh0(p) = e 2
0(8)) = e "“B|0)
1

exp |[tanh a0
oo (E) p |tanh(B)a'a'| |0)
Bogoliubov tr. of annihilation ops.

a(B) = e 'UBae'“B = coshf(B)a — sinh8(B)a’
a(B) e '“Bgze!“B = cosh §(B)a — sinh 6(B)al

Thermal vacuum state satisfies
a(B)[0(8)) = a(B)|0(B)) =0

Bose distribution

—Bw
T — G| 2 p— c
(0(B) |a'a|0(8)) = sinh? 6() —
fictitious system as "holes’
1 1
T10(B)) = G |0
a = a
cosh () (8] sinh 6(5) 0(8))
Brane—antibrane in TFD
* Light-Cone
We consider a single first quantized string.
light-cone momentum
1
p° = §(p+ +p7)
pTp~ —|p|*—m*=0
p— — p|? + m?
pt
partition function
-1
Z(8) = Tr exp(-pp°) =Tr exp |~ _ BT +p7)
1 p|* + m?
— _ = +
= Tr exp > I5; (p | o )
1 H\
— = +
_Trexp_ 26(}9 Ip_l_)
light-cone Hamiltonian
I — |p 2 4 m2

* Mass Spectrum
We consider an open string on a Brane-antibrane pair

with 7" = 0.
mass spectrum ! .
2
Mpyg= = _,(NB‘|‘NNS_ —>
Qo 2
> 1
Mp= = J(NB NR)
oo 38
numberops. Np = > Y olof
I=11=1
oo 3 o
Nyg = y: yzb—frbr
—11=1
2
00 3
Ng = Y Y dl,.d
m=1 =1
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e Thermal Vacuum States

cf) D-brane in bosonic string theory
Vancea et al., Cantcheff

generator of Bogoliubov tr.

G, = Gp-+Gng tanh(6,) — exp( 4@1)
Gr = G+ G
/ B F tan(6,) = exp ( br )
Gp = i) ~O(a-a_;—3a - «q)
l bm
=1 tan(0,,) = exp ( . )
00 ~ B P
Gnyg = iy O (b_r by — bybr)
r=21
m=1
osclillator part of thermal vacuum state
00 1 \° 1 .
[00sc(B))) = ll;ll{(cosh(el)) exp [7 tanh(ﬁz)az'o:z]}
X 4 10_0[ (cos(6,))® exp [ tan(0,)b_, - '6_4
=3
+- ﬁ (cos(6:m))® exp [ tan(0m)d—m, - J_m]} 10))
m=1
Including momentum part, thermal vacuum state Is given by
_ Bp
0u6) = A [t [ty exp (— P )
p
X exp ( iﬂ ) ) [0osc(8)))
* Free Enerqgy for a Single String
1
F1(B) = ({01(B) || H 3 K ||01(8)
1 p|* + m2>
H = = p+ |
2 ( | p+
K = — Z {% Q_] - Q] N Siﬂh2 Ql — % Q- ] IN COSh2 95}
z
WZ{b_T by Insin2 6, — by - b_,. 1N COS? QT}
-y {dmm d INSIN2 0,y — doyy - d_, IN COS2 em}
free energy for a single string
167tV [odr  _ptl
Fi(B) = 5,71 /o — T2
71’52 7r,82

93(0[iT) \* 9-(0)iT) \*
) (191*’(0?:?)) exp( @H%)J“(ﬂl’(om)) exp(

BT

Free energy of many strings can be obtained from the following eq.

1 X1
F(B) =3 > ~{Fu(Br) = (1) Fy(Br)}
r=1
1674V, roodr _ptl
FB) = - ﬁHer}p/o .
93(0iT) \* i32 95(0iT) \* i32
- _(ﬁﬂow)) {‘93 (O 5H2fr) _1}_ (ﬁl’(OliT)) {194 (0 BT

)=}

This equals to the free energy with 7= 0 in Matsubara formalism.

Conclusion and Discussion

We have computed thermal vacuum state and free energy

of a single string on a Brane-antibrane pair in the framework of TFD.

This thermal vacuum state Is reminiscent of

the D-brane boundary state of a closed string.

‘D9 — D_9> — eXD(—Sb) (|Bga +>NSNS — |B97 _>NSNS)

o0 1 _ i
- Z ; @—n'a—n‘l'inzw—u‘w—u
—1 |

u>0

|Bgmat: 77>NSNS’ = €xXPp

We need to use string field theory in order to obtain
the thermal vacuum state for many strings.
We need to introduce open string tachyon.
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